Background and Aims-Amino acid (AA) availability is critical to maintain protein homeostasis and reduced protein intake causes a decline in protein synthesis. Citrulline, an amino acid metabolite, has been reported to stimulate muscle protein synthesis in malnourished rats.
INTRODUCTION
Citrulline is an amino acid metabolite which is not a component of proteins but a metabolic product of the urea cycle and nitric oxide (NO) formation 1 . Until recently, no specific function has been identified for citrulline. Circulating citrulline is synthesized in the gut from arginine and glutamine 2 but unlike other amino acids, citrulline is neither taken up nor released by the liver 1 , in normal physiology (S1-S2). Citrulline is however, taken up by the kidney where arginine is resynthesized and released for whole-body requirements 1 . For the above reason, there is a substantial decline in plasma citrulline and arginine in short bowel syndrome (SBS) (S3) and in other situations where the gut function is compromised (S4). This prompted Osowska et al 3 to test the effects of citrulline supplementation on net protein balance. In a rat model with short bowel syndrome, it has been shown that citrulline supplementation normalizes plasma and tissue arginine and improves nitrogen balance (S4). In a rat model of endotoxemia, citrulline absorption is decreased but remains higher than the absorption of arginine 4 . Furthermore, Osowska et al (S5) , demonstrated that, in malnourished old rats on a low protein diet for 12 weeks, a citrulline-enriched diet administered for one week during the refeeding period enhanced muscle protein accretion by increasing absolute protein synthesis with no effect on fractional synthesis rate (FSR). Moreover, a recent in vitro study by Moinard et al (S6) showed that in isolated muscle from adult malnourished rats incubated with citrulline, protein synthesis was increased by 27% compared to the control experiment without citrulline. Taken together, the results of these different studies 3 (S5-S6) strongly suggest that citrulline, an amino acid metabolite, may play an important role in protein anabolism when protein intake is low. There are potential explanations for the anabolic effect of citrulline.
Provision of all amino acids is critical for synthesis of proteins. The systemic AA availability is determined not only by intestinal absorption of AAs (95-99%) from ingested protein but also by selective removal of AAs by the liver (50%), mainly via ureagenesis (S7). Following intestinal absorption, portal flux of arginine stimulates ureagenesis not only as a substrate of ureagenesis but also by allosteric activation of ureagenesis key enzyme Nacetyl glutamate synthetase (S8). Thus, dietary arginine favors not only its own catabolism but also of those of other AA via ureagenesis. In situations where protein intake is low and ureagenesis is consecutively slowed-down, intestinal arginase and ornithine carbamoyl transferase are activated resulting in an increase in the conversion of arginine to citrulline 1 . The newly formed citrulline is released into the portal vein, and since citrulline is not taken up by the liver 5 (S8), it is released into systemic circulation, unlike arginine which is partially taken up in the liver. Therefore it is likely that by limiting ureagenesis all AAs are spared and are available in systemic circulation (i.e. for muscle protein synthesis).
Secondly, low protein intake results in a reduction in AA supply. It has been well established that AAs are major stimulant of protein synthesis and amino acids availability is critical for insulin's stimulatory effect on protein synthesis 6 (S9). Both insulin and certain AAs (especially leucine) 7 (S10) have direct or indirect effects on mTOR phosphorylation and downstream signaling pathway, which is considered as a nitrogen sensing pathway regulating protein anabolic processes 8 . However, insulin activation of mTOR pathway is through upstream activation of AKT, while AA activation of protein synthesis is independent from AKT activation and considered as independent from insulin action. It has also been shown that citrulline like leucine may stimulate protein synthesis via the mTOR signaling pathway 9 . We therefore hypothesized that in situations of low protein intake, citrulline could play a critical role in stimulating muscle protein synthesis and that this action is independent of insulin secretion and action in humans. To test this hypothesis we have studied the effect of citrulline intake on whole-body and mixed and mitochondrial muscle protein synthesis in healthy volunteers following 3 days of relatively low-protein diet.
MATERIALS AND METHODS

Subjects
Healthy adults (n=8; 4 women and 4 men: 25.9 ± 2.0 years) were recruited for this study and informed written consent has been obtained after detailed review of the protocol, which has been approved by the Institutional Review Board of the Mayo Clinic and Foundation. All participants underwent physical examination including detailed history, hematological and biochemical profile. Exclusion criteria included patients with BMI > 25, altered liver functions, fasting blood glucose values above 6.2 mmol/l, serum creatinine > 1.5 mg/l, and any evidence of alterations in any organ functions and any active diseases. Volunteers taking medications, such as steroids that may affect the outcome measures were also excluded. Subject characteristics are given in Table 1 .
Study design
In this randomized cross over design, each participant underwent two separate studies at the Mayo Clinic CTSA Research Unit (CRU). Participants received citrulline or NEAA (alanine, glycine, serine, proline, aspartate in equimolar amounts) mixture on the first study day and vice and versa for the second study day. There was a washout period of at least 3 weeks between the two study days during which the participants were allowed to consume their normal diet. Body composition (fat and fat free mass or FFM) was measured using dual-energy X-ray absorptiometry (DPX-L, Lunar, Madison, WI). Subjects were on a weight-maintaining low-protein diet (protein/carbohydrate/fat 8:60:32% by calories) provided by CRU for 3 consecutive days before each inpatient study period. They were put on a low-protein diet based on our working hypothesis and on the fact that citrulline supplementation has been shown to enhance protein anabolism in animals in a protein deficient state (S5). During the screening visit, a member of the CRU-SMH dietetics staff performed a diet assessment, based on usual US daily intake of normal weight people (BMI<25) from NHANES in order to determine dietary needs for the 3 days of weight maintenance low-protein meals. Table 1 provides the dietary composition of the usual and low protein diet. All meals were prepared in the CRU kitchen. The volunteers were asked to eat two meals per day in the CRU kitchen and take home the other one meal prepared by the CRU kitchen. The volunteers were asked to completely consume these meals.
On the 3 rd day, the participants were admitted to the CRU at 5 PM and ingested a lowprotein meal at 6 PM. Thereafter, they fasted, except for water, until the end of the inpatient period the following day.
The following morning, a retrograde IV catheter was inserted in one hand to withdraw blood samples. The hand was kept in a "hot box" (60°C) prior to collections to obtain arterialized venous blood samples (S11). A second intravenous catheter was placed in the contralateral forearm for infusion of a primed, continuous infusion of [ring- 13 C 6 ] phenylalanine (1.5 mg/kg FFM prime with a 1.5 mg/kg FFM/hr continuous infusion), and [ 15 N] tyrosine (prime 0.6 mg/kg FFM with a 0.6 mg/kg FFM/hr continuous infusion). The non-radioactive tracers (Cambridge Isotope Laboratories, Andover, MA) infusions started at 6 AM after obtaining a baseline blood sample.
Oral administration of either the citrulline (Kyowa Hakko, Tokyo, Japan) or NEAA mixture (Sigma-Aldrich, St. Louis, MO) containing a sugar-free flavor, started following baseline blood samples. The NEAA mix contained alanine, serine, proline, and glycine. The two mixtures were isonitrogenous (nitrogen content: 72 mg/kg FFM). After a first bolus of 60 ml providing 9 mg of N/kg FFM, the mixtures were given as small boluses of 30 ml (4.5 mg of N/kg FFM) every 30 min for 8 hours. The total amount of citrulline administered was 11 -24 g depending on the fat free mass of the participants. A previous dose-effect study (S6) in healthy people demonstrated that all doses up to 15 g of citrulline given as a single dose were well tolerated and no adverse effects (such as diarrhea or hypoglycaemia) were observed. Two percutaneous needle biopsies (200-300 mg) were taken under local anesthesia (lidocaine 2% buffered with 8.4% NaBicarb) from the vastus lateralis muscle as previously described 10 following 180 and 480 min of tracer infusion. A portion of the muscle obtained at 480 min was kept on ice for the mitochondrial enzyme assay. The remaining muscle samples were quickly frozen in liquid nitrogen and stored, along with plasma samples, at −80 °C until analysis.
Blood samples were taken at baseline and every hour to measure isotopic enrichment and plasma AA concentrations. Additional samples were collected every two hours to measure hormones (insulin, C-peptide, growth hormone and insulin like growth factor 1 (IGF-1)) and substrates (glucose, non-esterified fatty acid (NEFA)). Urine samples were also collected.
Analysis
Hormones and Substrates-Insulin and growth hormone were measured with two-site immunoenzymatic assays (Access system, Beckman Instruments, Chaska, MN). C-peptide was measured by direct radioimmunoassays (Linco Research, St. Louis, MO). After separation from its binding proteins with a simple organic solvent, total insulin-like growth factor-I (IGF-I) was measured with two-site immunoradiometric assay (Diagnostic Systems Laboratories, Webster, TX). AA levels were measured by ion-exchange chromatography with ninhydrin detection on an AA analyser (Jéol, Croissy-sur-Seine, France) 11 . Glucose was measured with a Beckman Glucose Analyzer (Beckman Instruments, Porterville, CA). Non-esterified fatty acids (NEFA) were measured using an enzymatic colorimetric assay (NEFA C, Wako Chemicals USA, Richmond, VA).
Urinary nitrogen-Nitrogen levels in timed urine samples were measured using a Beckman GM7 Analox Microstat.
Indirect Calorimetry-Respiratory gas exchanges were measured using the DeltaTrac system (Sensormedics, Yorba Linda, CA) for 45 minutes at 11AM.
Citrate synthase activity-citrate synthase activity was measured in fresh mitochondria preparation and in muscle samples at 480 min using spectrometric assay as previously described 12 .
Whole-body protein synthesis-plasma concentrations and enrichment levels of [ 13 C 6 ] phenylalanine, [ 13 C 6 ] tyrosine and [15N] tyrosine were determined using gas chromatography/mass spectrometry (GC/MS) 13 (S12). Whole-body phenylalanine and tyrosine kinetics were calculated utilizing equations described previously 14 (S13).
Briefly, the rate of fluxes of both phenylalanine (Raph) and tyrosine were calculated using the tracer dilatation approach as previously described using [ 13 C 6 ] phenylalanine and [ 15 N] tyrosine as tracer 14 (S13). Phenylalanine conversion to tyrosine (Phe-Tyr) was calculated as follows: Fractional synthesis rate of mixed muscle proteins-a piece of tissue was used to prepare total mixed muscle proteins and to isolate free tissue fluid AAs 10 (S14). Isotopic enrichment of [ 13 C 6 ] Phenylalanine was measured using modified gas chromatography (GC)/on-line combustion/isotope ratio mass spectrometry (IRMS) as previously described 15 . Muscle tissue fluid phenylalanine enrichment was also measured using GC/MS 15 .
The fractional synthesis rate for mixed muscle proteins was calculated as previously described (S13) using the following equation: 16 where Ef and Ei represent the enrichments as atom percent excess of 13 C 6 derived from the combustion of muscle fraction phenylalanine obtained from the 480 and 180 min muscle biopsies, respectively. Ep is the precursor pool (tissue fluid phenylalanine) enrichment, and t represents the time between biopsies in hours.
Quantification of mRNA-The transcript levels of selected genes were examined by realtime quantitative PCR (Applied Biosystems 7900) 10 . RNA was extracted from frozen muscle samples collected from individual subjects using RNeasy Fibrous Tissue Kit (Qiagen) following the manufacturer's instruction. Total RNA was reverse transcribed using Taqman Reverse Transcription kit (Applied Biosystems). The primers for nuclear-encoded genes were designed to cover the boundaries of two adjacent exons, and the primers for mitochondrial-encoded genes were designed to expand the coding region and poly-A tail, thereby eliminating the possibility of amplifying DNA. Sequences for the primers and probes that have been previously published are: COX3 17 , COX4, PGC-1, NRF1, TFAM 18 , 28S rRNA 10 . The abundance of each target gene was normalized to 28S ribosomal RNA which was coamplified in the same well.
Quantification of phosphorylated and total forms of protein kinase B (AKT)-muscle tissues were homogenized in ice-cold cell lysis buffer (Cell Signaling Technology, Beverly, MA) supplemented with protease inhibitors (Mini Complete, Roche, Indianapolis, IN) and incubated on ice for 30 min. After high-speed centrifugation, supernatant from each sample were used for Western blot analysis. The same amount of protein was loaded (30 μg) onto each lane. The proteins were separated by polyacrylamide gel electrophoresis and transferred to PVDF membranes (Biorad, Hercules, CA). Following blocking in non-fatted milk, membranes were incubated overnight at 4C with primary antibodies directed against the total or phosphorylated (Ser 473) forms of protein kinase B (AKT, Cell Signaling). After incubation with horseradish peroxidase-conjugated secondary antibodies and the ECL-Plus detection system (Amersham Biosciences, Piscataway, NJ), images were captured on Biomax XAR film (Kodak Scientific, New Haven, CT) and analyzed using Kodak Molecular Imaging software. Data were expressed as the ratio of phosphorylated: total protein signal for each subject.
Statistical analysis
The cross-over designe was analyzed using a random effects model (S15). For all variables except the FSR, the change from baseline over the course of the 8 hour study was used as the primary endpoint/dependent variable to account for baseline differences in AA concentrations at the start of each study. The FSR, through its calculation, only yielded one value and this value accordingly was used as the dependent variable in the cross over analysis., Due to the length of the washout period in between two study days (i.e. 3 weeks) and the recommendation by Senn 19 , no carry over effect of treatments (citrulline or NEAA) were hypothesized. Given the limited sample size and the need for parsimony in the statistical model, the period effect was tested at the alpha=0.05 level of significance and removed from the final model on account of it not being statistically significant. In this manner, and since values were normally distributed, the analysis simplifies conceptually to a one sample (paired) t-test on the delta score of the response under citrulline ingestion relative to NEAA ingestion; however, a key advantage of the mixed model approach is that participants that were missing one or more of the assessments were still included in the estimation of the variance component (S15). Changes from baseline measurements are summarized as the mean and standard error of the mean (m ± SEM), mean and standard deviation was used to describe sample parameters and baseline values. SAS Version 9.1.3 software package was used. The level of significance was set at P<0.05. No correction factor for multiple comparisons has been applied to reported p-values.
RESULTS
Hormones and substrates
Concentrations for hormones were not significantly different in the baseline samples between the two studies.
Several AA were found to be significantly different at baseline between the two studies, so the change from baseline was used to minimize the heterogeneity of values between the two studies ( Table 2) .
As expected, the plasma levels of AA given in the NEAA mixture (alanine, aspartate, glycine, proline and serine) increased from 60 to 100% in the first hour and then reached a plateau. Serine levels are shown in Figure 1 as an example of the kinetic behavior of NEAA administred. The NEAA mixture produced a statistically significant increase in each of these five AA relative to the citrulline ingestion (Table 2) . Change in glutamine plasma levels following 8 hours of treatment with NEAA were significantly (p=0.007) higher than following citrulline administration (Table 2) Following the citrulline ingestion, plasma levels of citrulline increased 20 fold during the first hour and then reached a plateau. Citrulline intake also resulted in an increase in plasma concentration of arginine and ornithine (Figure 1 ). There were no differences for other AAs between the two trials ( Table 2) .
Indirect calorimetry
VO 2 , VCO 2 , the respiratory quotient and resting energy expenditure were similar during citrulline and NEAA adminitration (Table 3) .
Whole-body protein metabolism and muscle protein synthesis
Ingestion of citrulline had no significant effect on phenylalanine and tyrosine flux when compared with NEAA group; indicating that citrulline did not alter whole body protein turnover (Figure 2) . However, phenylalanine conversion to tyrosine was modestly higher (p=0.049) in the citrulline group than in the NEAA group, without any significant differences observed on phenylalanine incorporation into protein between groups indicating that citrulline had no significant effect on whole body protein synthesis. As noted changes in phenylalanine levels were not statistically different between the two studies ( Table 2) . Citrulline administration was associated with higher fractional synthesis rate (FSR) of mixed muscle proteins (Fig.2) than the one observed following NEAA ingestion although no significant treatment effect was observed for FSR of muscle mitochondrial protein.
Citrate synthase activity and average mRNA levels of mitochondrial genes in muscle
Citrulline ingestion had no effect on citrate synthase activity or mRNA levels of mitochondrial related genes when compared with NEAA group (PGC1, COX3, COX4, TFAM) ( Table 4 ).
AKT activation
There was no effect of citrulline ingestion on AKT activation when compared with NEAA group (Table 4 ).
DISCUSSION
The current study demonstrates that oral ingestion of citrulline stimulates mixed muscle protein synthesis in the postabsorptive state without altering whole body protein turnover in healthy lean people while on low protein diet. To our best knowledge, this study is the first human study demonstrating a stimulatory effect of citrulline on muscle proteins. This effect occurred without altering insulin, growth hormone (GH) or IGF-1 levels. The comparison of citrulline effect is with iso-nitrogenous non-essential amino acids indicating that the increased muscle protein synthesis is not a non-specific effect of increased nitrogen intake. The current study was performed while the participants were on a relatively low protein diet. The usual daily intake of proteins in these participants represented approximately 15% of their total daily calories and they received only 8% of their caloric intake as proteins for three days prior to the study. This protein restriction was implemented as previous studies performed in rodents have shown that the anabolic effect of citrulline occurred while the animals were recovering from a restricted protein and caloric intake (S5). Of interest, in the current study we only modestly restricted protein intake in the human participants but demonstrated an enhancement (approximately 20%) of muscle protein synthesis in the citrulline group compared to the NEAA group. It cannot be excluded that more pronounced increase in protein synthesis may have occurred if the subjects had been on a low-protein diet for longer period as shown in rodents. Also, it would have been interesting to measure protein FSR and mitochondrial enzyme activities prior to the 3-day diet to have a pre-to post-comparison.
Citrulline administration had no effect on whole-body protein turnover. Muscle protein turnover is recognized to be slow compared to other organs such as liver and gut 20 . In humans, muscle protein synthesis contributes to only about 25% of whole body protein synthesis 21 and a 20% increase in muscle protein synthesis would contribute to less than 7% to whole body protein synthesis. Of note, Osowska et al. (S5) showed that when malnourished old rats were re-fed with a citrulline-enriched diet, muscle protein synthesis was higher while hepatic protein synthesis was lower than in controls fed NEAA. These data may explain the lack of citrulline effect at the whole-body level.
In the current study we did not measure muscle protein breakdown. There are no methods to directly measure muscle protein breakdown, although the rate of protein breakdown across leg (mostly muscle) can be measured using arterio-venous approaches 22 (S16-S17). It is possible that muscle protein degradation may be reduced or increased by citrulline. An increase in muscle protein degradation despite an increase in muscle protein synthesis may not result in a net muscle proteins accretion. However, animal studies (S5) demonstrated that citrulline not only increased absolute muscle protein synthesis but also muscle protein content, indicating that muscle protein breakdown was either decreased or not altered. We also noted a modest increase in whole-body phenylalanine conversion to tyrosine but the importance of this observation is uncertain. This observation indicates that tyrosine flux is a combination of tyrosine appearing from protein degradation and a small fraction appearing from phenylalanine conversion to tyrosine. The change in phenylalanine conversion to tyrosine was taken into account in estimating whole body protein synthesis.
In the current study we compared citrulline effect to that of a mixture of non-essential AA. Previous studies have shown that a mixture of essential and non-essential AA given intravenously resulted in an enhanced muscle protein synthesis and inhibition of muscle protein degradation 6 . This effect of AA was independent from insulin levels. In addition, studies have also shown that orally administered proteins such as whey protein results in greater muscle protein accrual than its constituent essential AA 23 although it has been reported that essential AA are primarily responsible for the AA-induced stimulation of muscle protein synthesis (S17). To our best knowledge it remains to be shown that dietary non-essential AA have any effect on muscle protein synthesis. Muscle anabolic effect of citrulline could potentially be mediated through the stimulation of anabolic hormone secretions via citrulline-induced increase in arginine level. Indeed, repeated citrulline ingestion was responsible for a progressive increase in arginine and ornithine plasma levels which are recognized for their ability to stimulate insulin (S18-S20) and GH (S21-S22) secretion. However, we did not observe any effect of citrulline administration on insulin, Cpeptide, or IGF-1 levels. Previous studies (S19-20) having shown an insulin secretagogue effect of arginine occur when pharmacological doses of arginine is administered intravenously whereas, in the present work, the increase in arginine plasma levels remained within the physiological range (equivalent to what is observed at the postprandial state). It is therefore unlikely that citrulline-induced increase in muscle protein synthesis is mediated by hormonal changes.
The mTOR phosphorylation and downstream signaling pathway is considered as a nitrogen sensing pathway regulating skeletal muscle protein synthesis 8 . Experimental and clinical studies 24 (S21,S23-S24) have shown that essential AAs and particularly leucine can activate the mTOR pathway and consequently stimulate muscle protein synthesis. It was recently demonstrated in animal experiments that as citrulline also stimulates muscle protein synthesis through activation of the mTORC1 pathway 25 . In agreement, Moinard and 9 showed an increased activation of proteins downstream of mTORC1, P70S6K and S6R (S6 ribosomal protein) in chronically malnourished old rats re-fed with a citrulline-enriched diet. Therefore, it is likely that in the present study, the observed citrulline-related stimulation of muscle protein synthesis might be via an activation of mTOR signaling pathway. Insulin stimulates muscle protein synthesis through an activation of AKT upstream of mTORC1. Liu et al. 26 showed that AA could stimulate muscle protein synthesis independently from AKT activation. Therefore, not surprisingly and in accordance with low plasma level of insulin, we did not observe a citrulline-related activation of AKT. Taken together, these data show that the anabolic action of citrulline on muscle is independent from insulin action and AKT activation. Of note, there is no study comparing the effects of citrulline with those of leucine or of a mixture of EAA. It is therefore not possible to conclude whether citrulline's impact on muscle protein synthesis is similar in magnitude as that of leucine or BCAA.
Considering that citrulline action is specific to muscle, it may affectall muscle proteins fraction (mitochondrial, sarcoplasmic and myofibrillar) equally. We sought to determine whether citrulline enhanced muscle mitochondrial biogenesis since previous studies have shown that AAs when administered in combination with insulin increased muscle mitochondrial biogenesis as noted by an increase mRNA levels of genes encoding mitochondrial proteins 17 . However we did not observe any higher mRNA levels of genes encoding mitochondrial proteins or fractional synthesis rate of muscle mitochondrial proteins following citrulline administration in comparison with NEAA administration. The enhancement of mitochondrial biogenesis might only occur when both insulin and AA are increased or it may be a specific effect of branched-chain AA which levels did not differ between the two groups. It remains to be studied if the positive effect of citrulline on mixed mucle protein synthesis is similar for sarcoplasmic and myofibrillar proteins or specific to one of these protein fractions.
Potential clinical applications of citrulline have been demonstrated in several experimental studies 1,2 (S22). The importance of the current study is that it shows in humans, that citrulline stimulates muscle protein synthesis following 3 days of low protein intake. This finding could potentially be of clinical importance in situations where muscle protein synthesis is decreased due to improper protein intake, such as aging and/or malnutrition. Indeed, Osowska et al. (S5) demonstrated that in malnourished old rats that a citrullineenriched diet administered during the refeeding period enhanced muscle protein accretion by increasing protein synthesis.
We must also take into account the potential adverse effects in a clinical situation. Indeed, recent research suggests that in mice there is a close association between obesity state and plasma citrulline level 28 .Moreover, findings in human studies are far less consistent. Increased plasma citrulline levels were reported in obese subjects with hyperglycemia in one study 29 although the effect of insulin resistance as a factor has not been investigated. To our knowledge there is no publication describing negative consequences of long term citrulline intakes or a direct causal link between citrulline intake and development of metabolic syndrome. Next steps to this pilot study are two ongoing randomized controlled clinical trials studying long term effect of citrulline intake. The first trial evaluates the effectiveness of 12-week citrulline supplementation on muscle mass and strength in combination with physical exercise in the elderly. This study lasting 12 weeks, it will also assess the safety of long term use of citrulline. Another study evaluates whole-body protein metabolism of malnourished hospitalized elderly patients treated for 2 weeks with citrulline.
In conclusion, the current pilot study, the first performed in humans, demonstrates that oral ingestion of citrulline stimulated muscle protein synthesis in healthy participants while on a short-term low protein diet. This anabolic action of citrulline is independent of insulin action and is specific of muscle. Overall, this novel finding opens the potential opportunity for clinical application of citrulline in situations where muscle anabolism is diminished. Effect of small bolus intakes of citrulline (grey line with triangle) or a non-essential amino acid (NEAA) mixture (black line with square) on citrulline, serine, arginine and ornithine plasma concentrations over the course of 8 hours. Data are means ± SE. The differences in the change in levels over the course of treatment are reported in Table 2 . Effect of citrulline on whole body (A) and mixed muscle (B) protein synthesis. No significant differences for phenylalanine (Phe flux) and tyrosine flux (Tyr flux) and phenylalanine incorporation into a protein (Phe protein) was noted between NEAA (AA) and citrulline (CL) days. Phenylalanine conversion to tyrosine (Phe Tyr) was modestly (p=0.05) higher during citrulline and NEAA days. A higher (p=0.03) fractional synthesis rate (FSR) of mixed muscle protein was noted on citrulline day. Data are means ± SE. Cross over analysis (see methods) was used to compare groups. *P<0.05 citrulline vs. NEAA. Table 2 Plasma hormones and substrates concentrations at baseline and at completion of the study periods 
